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Abstract  13 
The World Health Organization estimates 3.7 million deaths in 2012 in low- and middle-14 
income Asian countries due to outdoor air pollution. However, these estimates do not 15 
account for the higher exposures of specific particulate matter (PM) components – 16 
including fine particles (PM2.5), ultrafine particles (UFP) and black carbon (BC) – typical 17 
of transport microenvironments (TMEs). With the rapidly growing number of on-road 18 
vehicles in Asia, human exposure to PM is an increasing concern. The aim of this review 19 
article is to comprehensively assess the PM2.5, UFP, and BC related studies in Asian TMEs 20 
to understand the extent of exposure, the underlying factors leading to such exposure, and 21 
how Asian exposures compare to those found in Europe and the United States of America 22 
(USA). Pollutants considered and their health impacts are identified, along with the key 23 
factors that influence personal exposure in TMEs. We also characterised the human 24 
exposure to PM2.5, UFP, and BC in TMEs (walk, cycle, car, and bus) in cities of Asia, 25 
Europe, and the USA. Instrumentation and measurement methods, exposure modeling 26 
techniques, and regulation are reviewed for PM2.5, UFP, and BC. Relatively few studies 27 
have been carried out in urban Asian TMEs (i.e., walk, cycle, car, and bus) where PM2.5, 28 
UFP, and BC had generally higher concentrations compared to Europe and USA. Based on 29 
available data, PM2.5 concentrations while walking were 1.6 and 1.2 times higher in Asia 30 
(average 42 µg m-3) compared to Europe (26 µg m-3) and the USA (35 µg m-3), 31 
respectively. Likewise, average PM2.5 concentrations in car (74 µg m-3) and bus (76 µg m-3) 32 
modes in Asia were approximately two to three times higher than in Europe and the USA. 33 
UFP exposures in Asia were twice as high for pedestrians and up to ~9-times as high in 34 
cars than in Europe or the USA. Asian pedestrians were exposed to ~7-times higher BC 35 
concentrations compared with pedestrians in the USA. Stochastic population-based models 36 
have yet to be applied widely in Asia but can be used to quantify inter-individual and inter-37 
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regional variability in exposures and to assess the contribution of TMEs to total exposures 38 
for multiple pollutants. The review also highlights specific gaps in the data set that need to 39 
be filled by future research as UFP and BC studies were rare as were studies of pedestrian 40 
and cyclist exposure in Asian TMEs. 41 
Keywords: Air pollution; Exposure; Asian cities; Transport microenvironments; Airborne 42 
ultrafine particles; Black carbon; PM2.5  43 
1.  Introduction   44 
Exposure to air pollution contributes significantly to morbidity and mortality in 45 
Asia. About 60% of the world’s population lives in Asia (Population Reference Bureau, 46 
2015) and nearly 88% of 3.7 million global excess deaths due to outdoor air pollution 47 
exposure in 2012 occurred in low- and middle-income countries (WHO, 2012). In 2013, 48 
exposure to ambient fine particulate matter ≤2.5 µm in aerodynamic diameter (PM2.5) 49 
contributed to an estimated 915,900 deaths in China alone, and of these 137,400 (15%) 50 
were attributable to PM2.5 from the transport sector (GBD, 2016). Ultrafine particles (UFP; 51 
<0.1 µm in diameter) and individual components of PM2.5, such as black carbon (BC; 52 
usually <0.3 µm) also have high concentrations in transportation microenvironments 53 
(TMEs) and have been associated with adverse health outcomes (Dons et al., 2011a; Rivas 54 
et al., 2017a). UFPs are capable of travelling deep into the lungs (HEI, 2013), and their 55 
exposure has been linked to increases in blood biomarkers of cardiovascular effects and to 56 
excess mortality (Atkinson et al., 2010; Lane et al., 2016). BC exposure has been linked 57 
with cardiorespiratory events (Dons et al., 2012; Janssen et al., 2016; Karanasiou et al., 58 
2014). Elemental carbon (EC) has often been used as a surrogate for BC, although strictly 59 
EC and BC are not identical, and are based on operational definitions related to 60 
measurement methods (Briggs and Long, 2016). Since UFP and BC have been studied less 61 
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than PM as a whole, their effects are usually not included in mortality estimates (Kumar et 62 
al., 2014; Kumar et al., 2013c).  63 
TMEs such as walking, cycling, car, bus, and open-air vehicles (i.e., motorcycles, auto 64 
rickshaws) are the most common modes of local transport in the majority of Asian cities 65 
(Arphorn et al., 2017; Kumar et al., 2013a; Kumar et al., 2015; Rivas et al., 2017a; 66 
Zuurbier et al., 2010). Concentrations of traffic-related air pollutants are generally higher in 67 
TMEs than other areas because the direct emissions from mobile sources have not been 68 
widely dispersed (Berghmans et al., 2009; Colvile et al., 2001; Goel and Kumar, 2014; 69 
Patton et al., 2016). In high-traffic areas, congested traffic flow can have higher emissions 70 
due to frequent acceleration and deceleration of vehicles (Goel and Kumar, 2015).  71 
People living in Asian, European, and North American cities spend comparable amounts of 72 
time (7-10% of the day) in TMEs (Chau et al., 2002; Ragettli et al., 2013; Riediker et al., 73 
2003; Saksena et al., 2007; Wallace and Ott, 2011). Air pollution exposures experienced 74 
while commuting contribute up to 30% and 12% of total daily inhaled doses of BC (Dons 75 
et al., 2011b) and PM2.5 (Fondelli et al., 2008), respectively. Ambient levels of air pollution 76 
concentrations in Asian cities have been reported to be relatively higher than European 77 
cities (Kumar et al., 2015; Kumar et al., 2014). The levels of exposure in Asian TMEs may 78 
increase in the future due to increases in numbers of on-road vehicles driven by increasing 79 
population and growing economies (Kumar et al., 2013a). For example, the number of road 80 
vehicles in Beijing (China) increased from about 1.5 million in 2000 to over 5 million in 81 
2014 (Yang et al., 2015b). Likewise, the number of on-road vehicles in Delhi (India) is 82 
expected to increase from 4.74 million in 2010 to 25.6 million by 2030 under a business as 83 
usual scenario (Kumar et al., 2011a). Furthermore, the number of motorcycles increased 84 
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from ~0.14 million in 2001 to 0.24 million in 2004 in Ho Chi Minh City, Vietnam 85 
(UNESCAP, 2009). 86 
Passenger travel per capita using light-duty, two- and three-wheeler vehicles, buses, and 87 
passenger rail in China is projected to increase from ~2,000 passenger-miles in 2012 to 88 
over 6,000 passenger-miles by 2032, and per capita passenger travel in India is projected to 89 
more than double during the same period (IEO, 2016). The rate of private vehicle 90 
ownership in China and India, at less than 100 light-duty vehicles per thousand people in 91 
2012, is far below the OECD average of over 550 but is expected to increase by a factor of 92 
three over the next three decades (IEO, 2016). 93 
As seen in Table 1, only about half a dozen review articles have been published on 94 
pollutant exposures in TMEs, and none of these have focused on air pollutant exposures in 95 
TMEs in Asian cities. Because vehicle fleet composition, air pollution control technologies, 96 
road designs, and driving behavior are generally different in Asian cities compared to other 97 
parts of the world, TME studies performed elsewhere may not be generalizable to Asian 98 
cities (Kumar et al., 2015). To address this gap in the literature, this review discusses the 99 
underlying factors that impact exposure to PM2.5, UFP and BC in TMEs in Asian cities. 100 
Our objectives are to (i) critically synthesise the published literature on PM2.5, BC and UFP 101 
exposures in urban and rural TMEs (i.e., car, bus, cycle, walk, open-air vehicles including 102 
motorcycles and auto rickshaw) of Asian environments; (ii) establish a baseline using the 103 
available measurements of BC, UFP and PM2.5; (iii) compare exposure levels in Asian 104 
TMEs to those in other more thoroughly studied areas including Europe and United States 105 
of America (USA); and (iv) highlight challenges, research gaps and future directions to 106 
increase the amount of information available on Asian TME exposures. 107 
2.  Methods and outline  108 
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This review covers three pollutants (UFP, BC and PM2.5) and the following most 109 
common modes of daily commuting in Asian cities: cars, buses, bicycles, motorcycles, auto 110 
rickshaws and on/near-road walking. To identify articles on TME studies in general, and 111 
Asian TME studies in particular, we used the following keywords: ultrafine particles, 112 
PM2.5, black carbon, transport microenvironments, walking, bicycling, personal cars, buses, 113 
auto rickshaws, urban transportation, air pollutants and exposure, Asian cities – in Google 114 
Scholar, ISI Web of Science, Scopus, Science Direct and PubMed. This was supplemented 115 
by papers included in the reference lists of the traced papers and papers that were already 116 
known to us based on previous TME work. We only included articles that were written in 117 
the English language, and that were published over the past two decades (1997-2017) in 118 
peer-reviewed journals. 119 
Our article is organised as follows: Section 3 provides background on the pollutants 120 
covered and their health impacts; key factors that influence personal exposure in TMEs are 121 
summarised in Section 4; exposure to PM2.5, UFP, and BC in TMEs (walk, cycle, car, bus, 122 
auto rickshaw) and comparisons of personal exposures in Asian and non-Asian cities are 123 
presented in Section 5; and instrumentation used to measure PM2.5, UFP and BC in TME 124 
studies and considerations for study design are presented in Sections 6. In addition, 125 
exposure modelling techniques are described in Section 7, and relevant air pollution control 126 
regulations are described in Section 8. Section 9 contains a summary as well as conclusions 127 
and suggestions for future research. 128 
3.  Importance of pollutants covered  129 
PM2.5, UFP and BC have strong associations with exhaust emissions and have not 130 
been widely discussed in the context of Asian TMEs. The primary source of these 131 
pollutants in many cities including Delhi and major Chinese cities is engine emissions from 132 
the combustion of fuel (diesel and petrol) in motor vehicles (Nagpure et al., 2016; Zhang 133 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
7 
 
and Cao, 2015). These emissions are also the most relevant for exposure assessment in 134 
TMEs since urban commuters are in relatively close proximity to emission sources during 135 
transit. PM2.5 exposures have been linked to increased mortality (Di et al., 2017; Heal et al., 136 
2012; Pun et al., 2017), cardiovascular and respiratory morbidity (Clougherty, 2010; 137 
Metzger et al., 2004; Peel et al., 2005; Peters, 2005), and reduced birth weight and 138 
increased post-neonatal mortality (WHO, 2005b). 139 
In an epidemiologic study for southern China, exposure to PM2.5 was associated with 140 
mortality from stroke, COPD, ischemic heart disease, lung cancer, and all-cause hospital 141 
admissions (Lin et al., 2017). Exposure to PM2.5 in Taipei was associated with increased 142 
risk of emergency room visits related to respiratory diseases, increased all-cause mortality 143 
among the elderly, and increased mortality from circulatory diseases among the general 144 
population (Wang and Lin, 2016). In Guangzhou, short-term (daily) and long-term (annual) 145 
exposures to PM2.5 were associated with mortality, including all-cause, cardiovascular, and 146 
respiratory mortality (Lin et al., 2016). Long-term exposure to PM2.5 in Hong Kong was 147 
associated with elevated cancer risks for all-cancer mortality and cause-specific cancer 148 
mortality, including all digestive organs, upper respiratory tract, and accessory digestive 149 
organs (Wong et al., 2016).   150 
UFPs are typically quantified in terms of particle number concentration (PNC), and 151 
dominate the number but not necessarily the mass of particulate matter in ambient urban 152 
environments or in TMEs (Heal et al., 2012; Goel and Kumar, 2014). On-road vehicles are 153 
a major source of UFP in urban areas and can contribute up to 90% of the total PNC in 154 
polluted roadside environments (Kumar et al., 2010). Ambient UFP number concentrations 155 
are typically elevated on and near busy roads, and decay to background within 500 m of the 156 
edge of the road (HEI, 2010; Karner et al., 2010; Padró-Martínez et al., 2012; Patton et al., 157 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
2014). For example, PNC can be on the order of 10 million particles cm–3 close to vehicle 158 
tailpipes (Carpentieri et al., 2011) and decrease to the order of 1000 particles cm–3 at urban 159 
background locations hundreds of meters away (Kumar et al., 2013b). The very small size 160 
of UFPs enables them to penetrate deeply into the cardiorespiratory system to the terminal 161 
bronchioles and alveoli (Rückerl et al., 2011), bloodstream (Bakand et al., 2012) and body 162 
organs such as lung, brain, kidney and liver (Morris et al., 2003). UFP exposure has been 163 
linked to increased medication use in asthmatic adults (Von Klot et al., 2002), diminished 164 
lung function (McCreanor et al., 2007), and damage DNA of buccal cells (de Almeida et 165 
al., 2018). Furthermore, positive associations have been observed between UFP exposure 166 
and myocardial ischemia, cardiac arrhythmia, cardiovascular mortality, and blood 167 
biomarkers of inflammation (Atkinson et al., 2010; Lane et al., 2016; Stölzel et al., 2007).   168 
Studies in China have also found associations between health indicators or effects and 169 
exposure to UFP. For example, exposure to particles of 20 nm to 100 nm was found to 170 
increase the fraction of exhaled nitric oxide (FeNO), an indicator of acute respiratory 171 
inflammation, in a panel of 55 elderly subjects in Shanghai (Han et al., 2016). Another 172 
study in Shanghai produced evidence consistent with a hypothesis that autonomic heart 173 
function is more associated with UFPs than with larger particles (Sun et al., 2015). In a 174 
time-series study in Shenyang, China, exposure to ambient PM smaller than 500 nm in 175 
diameter was related to total and cardiovascular mortality but not respiratory mortality 176 
(Meng et al., 2013). In Beijing, short-term exposure to sub-micrometer PM was associated 177 
with an elevated risk of cardiovascular mortality (Breitner et al., 2011). 178 
BC is produced as a result of inefficient combustion of carbon-rich fuels including coal and 179 
oil in power plants, gasoline and diesel fuel in road vehicles, biomass (e.g. wood, 180 
agricultural and animal waste, wildfires) (Bond et al., 2007). Transportation is a major 181 
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source of BC in urban environments where road vehicles have been reported to contribute 182 
~58% of total BC emissions (Reddy and Venkataraman, 2002) and lead to high BC 183 
concentrations on and near busy roads (Apte et al., 2011; Dons et al., 2012; Patton et al., 184 
2016; Quincey et al., 2009; Rivas et al., 2017a). Diesel-fueled cars and trucks usually emit 185 
more BC per unit of fuel (1.3 to 3.6 g BC/kg fuel) than rail and shipping (0.34 to 0.51 g 186 
BC/kg fuel) (Bond et al., 2004). As of 2012, the transportation sector was the third largest 187 
source of BC emissions in Asia (behind residential and open burning), and it contributed 188 
21% of BC emissions in India. Transportation is expected to become the second largest 189 
source of BC in Asia by 2030 (USEPA, 2012b). Short- and long-term exposure to BC is 190 
also associated with adverse cardiovascular effects and mortality (Delfino et al., 2010; 191 
McCracken et al., 2010; Wilker et al., 2010) as well as respiratory effects (Patel et al., 192 
2013), decreases in childhood cognition (Suglia et al., 2008), and ventricular arrhythmias 193 
(Baja et al., 2010; Rich et al., 2005). 194 
Four recent studies based in Shanghai (China) provide evidence for associations between 195 
exposure to BC and health effects. Based on a panel study of 33 adults, FeNO was found to 196 
be most strongly and significantly associated with the EC fraction of PM2.5, whereas other 197 
PM2.5 components such as organic carbon and various trace ions were not significant (Shi 198 
et al., 2016). Specific PM2.5 constituents, including EC, were associated with FeNO among 199 
COPD patients (Chen et al., 2015). There were significant associations between ambient 200 
levels of BC and daily hospital visits, especially for emergency room visits, and the effect 201 
for BC was significant even after adjusting for PM2.5 or coarse particles (PM2.5-10) (Wang et 202 
al., 2013). Ambient BC concentrations were significantly associated with cardiovascular 203 
and respiratory mortality (Janssen et al., 2011). 204 
4.  Factors impacting exposure in TMEs 205 
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Personal exposure in TMEs depends on factors such as the choice of transport 206 
mode, traffic flow conditions, the extent of emissions, background concentrations, the 207 
position of breathing zone, personal behavior and choice, and meteorological conditions. 208 
Exposure during walking depends on the individuals themselves ‒ their location relative to 209 
road or personal behaviour, their height (adults and children have different heights and 210 
breathing zones, leading to a different personal exposure) (Garcia-Algar et al., 2015) ‒ and 211 
choice of the route while walking (Garcia et al., 2014; Kumar et al., 2018). For instance, 212 
some people avoid walking in crowded areas and close to busy roads, traffic, or smokers 213 
while others may not perceive these factors to be important for their personal exposure 214 
(Kaur et al., 2005a). 215 
Exposure during cycling is influenced by the position of the cyclist relative to traffic, the 216 
height of a cyclist’s breathing zone relative to tailpipe emissions from vehicles, and 217 
whether the bicycle travel lane is protected from motor vehicle traffic (Bigazzi et al., 2016; 218 
Dons et al., 2012; Kaur et al., 2007; MacNaughton et al., 2014). Air pollution exposures 219 
during cycling also depend on the route and traffic conditions, with higher exposures 220 
usually occurring in and near busy traffic and lower exposures in dedicated lanes farther 221 
from the main roads (CAFEH, 2015; Karanasiou et al., 2014; MacNaughton et al., 2014). 222 
Other factors that are common for most TMEs include traffic volume (Goel and Kumar, 223 
2015; Rakowska et al., 2014) and the number of traffic signals (Karanasiou et al., 2014). 224 
For example, pedestrian and cyclist exposures to UFP and BC on high-traffic routes have 225 
been reported to be up to 60% higher compared with low-traffic routes (Kaur et al., 2005b; 226 
Strak et al., 2010). 227 
Personal exposure while driving in a car depends on the (front/back) seat position (Chan 228 
and Chung, 2003) and personal behaviour (Kaur et al., 2007; Weijers et al., 2004), such as 229 
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whether the air conditioner is on or air vents and/or windows are open (Fruin et al., 2008; 230 
Hudda et al., 2012; Jiao and Frey, 2013; Kumar and Goel, 2016; Patton et al., 2016), the 231 
speed of the vehicle (Hudda et al., 2012; Karanasiou et al., 2014) and the distance 232 
maintained from preceding vehicles (Goel and Kumar, 2016; Sabin et al., 2004). In-cabin 233 
exposures in a vehicle when windows are closed also depend on whether fresh intake air or 234 
recirculated cabin air are used with the heating, ventilating, and air conditioning (HVAC) 235 
system (Goel and Kumar, 2015; Jiao and Frey, 2013; Joodatnia et al., 2013a). 236 
In buses, personal behaviour and personal choices such as seat position (front/back, 237 
upper/lower deck) affect the level of personal exposure (Choi et al., 2018; Kaur et al., 2007; 238 
Yan et al., 2015). Bus commuters tend to have higher personal exposures than pedestrians 239 
and cyclists (Kaur et al., 2007; Rivas et al., 2017a; Rivas et al., 2017b), possibly because 240 
pedestrians and cyclists have more flexibility in their choice of position to avoid congested 241 
traffic conditions (Gee and Raper, 1999). Furthermore, in-cabin exposures in buses are 242 
affected by infiltration of near-source ambient pollution when doors open at bus stops (Jiao 243 
and Frey, 2014). Semi-enclosed bus terminals can also have relatively high levels of 244 
particles (Che et al., 2016). 245 
Therefore the choice of transport modes, characteristics of the transportation system (e.g., 246 
ventilation type, fuel type, vehicle model (year and design) and ventilation settings (e.g., 247 
windows closed/open, AC on/off) are a few dominating factors influencing the personal 248 
exposure in TMEs (de Nazelle et al., 2017; Goel and Kumar, 2014; Joodatnia et al., 2013b; 249 
Knibbs et al., 2011). Air exchange rates for vehicles with open windows are much higher 250 
than for other enclosed environments, leading to exposure to pollutants from surrounding 251 
vehicles (Knibbs et al., 2011). Open windows tend to have higher exposure level during the 252 
congested traffic conditions because outdoor air from busy traffic can enter the vehicle 253 
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cabins (Hudda et al., 2012; Kumar and Goel, 2016). Other key factors affecting bus 254 
passenger exposures include the higher number of passengers inside the buses, background 255 
concentrations of pollutants inside, airtightness of vehicles (old/new), cabin filtration, and 256 
frequency of door opening at traffic hotspots and locations of bus stops (Choi et al., 2018; 257 
Geiss et al., 2010; Ott et al., 2008; Zuurbier et al., 2010).  258 
Meteorological conditions also influence exposure levels in TMEs. Wind speed has a 259 
significant impact on personal exposure as wind helps to dilute the fresh emissions and 260 
reduce pollutant concentrations by the time pollutants reach receptors (Adams et al., 2001a; 261 
Karanasiou et al., 2014). Not only do concentrations of particulate pollutants near sources 262 
decrease faster with higher wind speed (Adams et al., 2001a; Karanasiou et al., 2014; 263 
Padró-Martínez et al., 2012), but so do pollutant concentrations in buses and cars (Gómez-264 
Perales et al., 2004; Rivas et al., 2017a)
.
 For example, Rivas et al. (2017b) reported a 265 
decrease of 2.90 µg m−3 of PM2.5 concentrations in London buses for every 1 m s-1 increase 266 
in wind speed. Wind direction is another important factor, which becomes significant when 267 
it comes to street canyons. For example, depending on relationships between street canyon 268 
height and width (i.e., aspect ratios), a vortex generated within a street canyon can push 269 
pollutants from the windward to the leeward side of the street canyon (Kumar et al., 2009; 270 
Kumar et al., 2011b; Vardoulakis et al., 2003; Garcia et al., 2013) resulting in increased 271 
exposure for pedestrians and cyclists (Kaur et al., 2007). Ambient, near-road, and TME 272 
pollutant concentrations tend to vary seasonally, with UFP typically highest in cold months 273 
when condensation of gases into liquids is greatest and PM2.5 is higher in spring and 274 
summer due to the secondary aerosol formation (Kaur et al., 2006). However, assessment 275 
of the detailed effects of meteorological conditions on air pollution exposure in TMEs is 276 
outside of the scope of this review. 277 
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5.  Exposure to PM2.5, UFP, and BC during commuting in different TMEs  278 
5.1  Walking 279 
Walking is one of the most common modes of urban transport. In Asian cities, 280 
footpaths are usually flat sidewalks alongside roads. Similar to American cities and unlike 281 
many European cities, there are usually no separation barriers in the form of low boundary 282 
walks or green vegetation barriers between the road and the footpaths (Abhijith et al., 283 
2017), resulting in exposure of pedestrians to fresh exhaust emissions. A recent study in 284 
Singapore reported walking as the worst commuting mode for particle exposure (Tan et al., 285 
2017). Average concentrations of PM2.5, UFP, and BC reported for the walking TME are 286 
shown in Figure 1. Pedestrians in Asian cities were exposed to concentrations ranging from 287 
~20 μg m–3 on busy roadsides in residential areas in Hong Kong (Yang et al., 2015a) to ~90 288 
μg m–3 in Istanbul, Turkey (Onat and Stakeeva, 2013), as seen in Figure S1. These 289 
concentrations were 1.2- to 1.6-times higher than those in European and North American 290 
cities (Table 2). Near a busy road in a commercial part of Hong Kong, pedestrians were 291 
exposed to concentrations as high as 4.0×104 particles cm–3 (Yang et al., 2015a), or as 292 
much as 1.8-times the pedestrian UFP exposures in Europe and North America (Figure S2). 293 
Likewise, pedestrians in Hong Kong were exposed to BC concentrations ranging from 15 294 
μg m–3 (Yang et al., 2015a) to 39 μg m–3 (Rakowska et al., 2014; Yang et al., 2015a), or 3.8 295 
to 7.7 times those in cities in Europe (Dons et al., 2012; Moreno et al., 2015) and the USA 296 
(Kinney et al., 2000), as seen in Figure S3. 297 
5.2  Cycling 298 
Cycling is a popular means of transport in Asian cities. About half of the 299 
households in Asia own at least one bicycle (Oke et al., 2015). Huang et al. (2012) reported 300 
that cyclists were exposed to PM2.5 concentrations of 49 μg m–3 in Beijing, which is 301 
comparable to PM2.5 levels reported for European cities and higher than those reported in 302 
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American cities (Figure 2). No reports of BC or UFP exposures to cyclists in Asian cities 303 
were found. Cycling exposures to both BC and UFP were high in studies conducted in 304 
Europe (de Nazelle et al., 2012; Dons et al., 2012), and the USA (Hankey and Marshall, 305 
2015; Zuurbier et al., 2010) (Table S1), and could be even higher in Asian cities due to 306 
high ambient levels. A recent study by Cepeda et al. (2017) concluded that commuters 307 
using motorised transport such as a car, motorcycle or bus lost up to one year more in years 308 
of life expectancy compared with cyclists, favoring an active mode of transport even 309 
though air pollutant exposures may increase. 310 
5.3  Car 311 
Cars are a popular means of transport in Asian cities. Car models and use of air 312 
conditioning in Asia are usually similar to the common practice in Europe or USA. 313 
However, fuel and emission standards vary widely across Asia, and standards in some of 314 
the most populated countries (i.e., India and China) are less stringent than comparable 315 
standards in the USA and Europe (see Section 8). Reported concentrations of PM2.5 (Figure 316 
3), BC (Table 2), and UFP (Figure 4) were higher in Asian cities than in Europe and USA. 317 
The average PM2.5 concentration in Asian cars was about twice the concentration in other 318 
locations. Apte et al. (2011) reported that PM2.5 concentrations in cars in New Delhi were 319 
as high as 190 μg m–3, which was about 5-times the average in-car PM2.5 concentration 320 
across all studies we compared (Figure 3). In Hong Kong, in-vehicle UFP concentrations 321 
were ~8×105 cm-3 (Both et al., 2013; Kaminsky et al., 2009), or 2- to 4-times higher than 322 
cities in Europe (Figure 4). The only in-car BC measurements available for Asia were made 323 
in New Delhi (Apte et al., 2011). The average concentration measured, 43 μg m–3, was 2-5 324 
times in-car concentrations in Europe (de Nazelle et al., 2012; Dons et al., 2012; Zuurbier 325 
et al., 2010) and North America (Greenwald et al., 2014; Patton et al., 2016; Weichenthal et 326 
al., 2015). 327 
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5.4  Bus 328 
Bus routes, particularly for bus rapid transit, are being considered and implemented 329 
in Asian cities to decrease traffic congestion (ASIALEDS, 2014). While a small fraction of 330 
double-decker buses ply on roads of many Asian cities (e.g., Bangalore, Mumbai, Dhaka, 331 
Beijing and Singapore), most buses are still single-deck (Ollson and Thynell, 2006; Yang et 332 
al., 2015a). Within the bus rapid transit systems of Asian cities, buses are typically standard 333 
or articulated vehicles of unreported age and fuelled by diesel, condensed or liquified 334 
natural gas (CNG/LNG), or hybrid systems (BRT Data, 2018). The literature shows that 335 
bus travellers in Asia experience large variability in PM2.5 concentrations: from 10 μg m–3 336 
in parts of Hong Kong (Yang et al., 2015a) to 145 μg m–3 in Guangzhou, China (Chan et 337 
al., 2002b) (Figure 5). PM2.5 concentrations in buses in Asia were about 1.5-times the PM2.5 338 
concentrations in European cities (Adams et al., 2001b; Dennekamp et al., 2002; Fondelli et 339 
al., 2008; Kaur et al., 2005b; Spinazzè et al., 2013), and North America (Adar et al., 2007; 340 
Gomez-Perales et al., 2004; Gómez-Perales et al., 2005; Levy et al., 2002; Onat and 341 
Stakeeva, 2013). Measurements of UFP number concentration (Figure 6) and BC (Table 2) 342 
were more limited for buses in Asian cities; these two pollutants have only been measured 343 
in buses in Hong Kong. UFP concentrations in Hong Kong buses ranged from 25,000 344 
particles cm–3 in LPG buses to 44,000 particles cm–3 in diesel buses and BC concentrations 345 
ranged from 7.5 μg m–3 in LPG buses to 11.6 μg m–3 in diesel buses (Yang et al., 2015a). 346 
These concentrations were comparable to in-bus concentrations in non-Asian cities (Table 347 
2). 348 
5.5  Open-air vehicles 349 
 Motorcycles and auto-rickshaws are open-air vehicles that are very common in 350 
Asian cities. There are only a handful of studies for assessing motorcyclists’ exposure in 351 
Asia (Li et al., 2017; Pant et al., 2017), Europe (Grana et al., 2017), or elsewhere (Morales 352 
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Betancourt et al., 2017; Ramos et al., 2016). Some studies have reported that motorcyclists 353 
have much higher exposures to UFPs and PM2.5 than commuters experience in cars, buses, 354 
or trains. In the city of Taipei (Li et al., 2017), motorcyclists had shorter commutes but 355 
higher overall PM2.5 exposures than car or bus commuters, because the PM2.5 356 
concentrations breathed by the motorcyclists were much higher than in the other TMEs 357 
(67.5±31.3 µg m–3 versus 22.1±9.6 µg m–3 for car and 38.5±15.6 µg m–3 for bus) (Tsai et al., 358 
2008). For example, the contribution of transport modes to daily integrated UFP 359 
concentration was 7.3×104 cm-3 for motorcycle trips compared with 1.4×104 cm-3 in 360 
underground trains and the contribution of transport modes to daily integrated UFP 361 
exposure was ~29% for motorcycle trips compared with 16-21% for car trips and only ~9% 362 
for trips on the trains (Grana et al., 2017). Studies for auto-rickshaw exposure in Asian 363 
cities are rare (Apte et al., 2011). The findings of these studies suggest that concentrations 364 
of PM2.5, UFP, and BC were all high and similar to levels in open cars, bicycles, or auto-365 
rickshaws, suggesting that additional measurements are needed to better quantify 366 
contributions of motorcycles and auto-rickshaws to personal and population-level 367 
exposures. 368 
5.6  Comparison of PM2.5, UFP, and BC in different TMEs  369 
  Measured PM2.5 exposures in Asian cities were highest in open-aired vehicles (auto-370 
rickshaw and motorcycle) and lowest for active travel modes (i.e., walking and cycling) 371 
(Table 2). However, depending on trip length, cyclists may receive higher total exposures 372 
to PM than those experienced by pedestrians due to a combination of higher ventilation 373 
(i.e., breathing) rates during more intense exercise and higher concentrations of air 374 
pollutants if surrounded by vehicular traffic (Kaur et al., 2006; O'Donoghue et al., 2007). 375 
Based on sequential measurements with portable PM2.5 monitors in Hong Kong TMEs, 376 
concentrations were consistently higher at bus stops, for pedestrians, on the tram, at tram 377 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
17 
 
stops, and at bus terminals compared to onboard single-decker buses, double-decker buses, 378 
minibuses, or the MTR subway system (Yang et al., 2015a). The comparison among these 379 
TMEs was similar on a relative basis for mid-day and evening rush hour. Concentrations 380 
experienced by pedestrians were comparable to those measured at roadside fixed-site 381 
monitors. The mean concentrations among TMEs varied by more than a factor of two, 382 
implying that exposures to commuters can be highly sensitive to mode choice (Che et al., 383 
2016). 384 
Measured UFP concentrations in Asian cities were highest in the walking TME and lowest 385 
in the auto-rickshaw TME. Concentrations of UFP experienced by pedestrians in Asian 386 
cities were about double the concentrations in cars and buses. However, since we did not 387 
find papers reporting UFP exposure while cycling in Asian cities, we are not able to 388 
determine the rank of cycling concentrations among the TME exposures to UFP. BC 389 
exposures in Asian cities were highest in auto-rickshaws and cars, and about half as high in 390 
pedestrian and bus TMEs. However, similar to UFP, we did not find studies reporting BC 391 
exposure while cycling in Asian cities to rank exposures to BC in Asian TMEs. 392 
6.  Instruments used for measuring PM2.5, UFP and BC in TMEs  393 
Here, we review the monitoring equipment and data collection strategies used in 394 
TME studies performed in Asian cities. The results are summarized in Table 3; instruments 395 
used in TME studies performed in Europe, America, and Australia are listed in Table S4. 396 
We identified 11 studies that measured PM2.5 in TMEs in Asian cities (Table 3). Several 397 
different instruments were used in these studies: DustTraks (TSI, Shoreview, MN, USA) 398 
were used to measure PM2.5 in walking and personal-car TMEs in Jakarta (Indonesia) (Both 399 
et al., 2013), in buses in Hong Kong (China) (Chan et al., 2002a), in personal cars and 400 
buses in Guangzhou (China) (Apte et al., 2011; Chan et al., 2002b), and in auto rickshaws 401 
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in New Delhi (India) (Apte et al., 2011). Onat and Skatkeeva (2013) used both a 402 
Lighthouse optical particle counter and a personal dataRAM (pDR) 1200 (Thermo, 403 
Franklin, MA, USA) to measure PM2.5 in walking, bus, and personal-car TMEs in Istanbul 404 
(Turkey). Pant et al. (2017) used a Thermo pDR 1500 in buses and auto-rickshaws in New 405 
Delhi. Yang et al. (2015a) used a TSI OPS (model 3330) in walking and bus TMEs in Hong 406 
Kong. Tsai et al. (2008) used a GRIMM (model 1.108) in personal cars in Taipei. 407 
Gravimetric filtration (i.e., PM2.5 in a known volume of air was collected on a filter and the 408 
difference in filter weight before and after sampling was determined) was used to quantify 409 
PM2.5 in personal cars and auto-rickshaws in New Delhi (Saksena et al., 2007). 410 
Based on our literature search, we identified five studies that measured UFP in TMEs in 411 
Asian cities (Table 3). In these studies two different UFP monitors were used: the TSI 412 
model 3007 and the TSI model 3785. The TSI model 3007 is an isopropanol-based 413 
condensation particle counter and the model 3785 is a water-based condensation particle 414 
counter. These instruments have been used to measure UFP in walking and personal-car 415 
TMEs in Jakarta (Both et al., 2013), and in walking, personal-car and bus TMEs in Hong 416 
Kong (Tsang et al., 2008; Yang et al., 2015a; Rakowska et al., 2014; Kaminsky et al., 417 
2009). We identified four Asian TME studies in which BC was measured, and in all of 418 
these studies the same monitor was used, the AethLabs microAeth AE51 (AethLabs, San 419 
Francisco, CA, USA; Table 3). This instrument was used to measure BC in walking and 420 
bus TMEs in Hong Kong (Apte et al., 2011; Yang et al., 2015a), and in buses and auto-421 
rickshaws in New Delhi (Apte et al., 2011; Pant et al., 2017).  422 
As indicated in Table 3, the instruments used to characterize TMEs in Asian cities have 423 
differences in terms of measurement frequency, concentration range, particle size 424 
resolution (for UFP monitors), clock drift, battery life, and portability. Other considerations 425 
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not reflected in Table 3, which may impact data quality, include ease of operation, 426 
calibration, and measurement artifacts (Kumar et al., 2011c). For example, CPCs – 427 
particularly bench-scale instruments – can be prone to flooding when alcohol and water 428 
reservoirs are jostled or tilted in moving platforms. When this happens, the data are 429 
compromised and the flooded lines and optics need to be purged and dried out before the 430 
CPC can be used again. While flooding is less of a problem with field-portable CPCs (e.g., 431 
TSI 3007), improvements in portability often come at the expense of measurement 432 
sensitivity especially at the lower end of the particle size range (e.g., <20 nm). Field 433 
portable PM2.5 monitors that are based on light scattering are relatively easy to operate and 434 
can be deployed in moving data-collection platforms because they are less prone to 435 
malfunctioning due to tilting (Wang et al., 2009). Nonetheless, one disadvantage to using 436 
light-scattering PM monitors is that because the optical properties of PM differ with 437 
pollution source and particle age. In addition, because optical PM monitors are generally 438 
sensitive to ambient temperature and humidity, factory-calibrated monitors must be 439 
checked against locally-stationed reference instruments to fully assess their accuracy 440 
(Wang et al., 2009). Measurement artifacts are often a problem with the microAeth AE51. 441 
This instrument measures the rate of change of light absorption due to the accumulation of 442 
black carbon aerosol on a filter; however, the accumulation of BC on the filter decreases 443 
the effective optical path resulting in a loading-dependent relationship between the 444 
measured absorption and BC mass (specifically, BC concentration is increasingly 445 
underestimated as BC load on the filter accumulates). To compensate for this measurement 446 
artifact, correction factors must be applied during post-processing of the data (Good et al., 447 
2017). 448 
In the studies listed in Table 3, instruments were deployed fairly consistently for each 449 
TME. For example, instruments were either worn by the data collectors or carried in 450 
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backpacks or suitcases during the characterisation of walking TME. Similarly, instruments 451 
were either mounted inside the vehicle or inside backpacks or suitcases carried by the 452 
riding data collector during the characterisaton of personal car, bus, and auto rickshaw 453 
TMEs. In contrast, the studies in Table 3 show that there were considerable differences in 454 
the amounts of data that were collected in different TMEs. For example, many more hours 455 
of data were collected in studies charcterising personal car and bus TMEs than were in 456 
studies of walking TMEs. Also, within each TME, there were differences. For example, in 457 
estimating PM2.5 exposures in personal cars Saksena et al. (2007) used 0.5 to 2.2 hours of 458 
data, Onat and Skateeva (2013) used 4.4 to 6.3 hours, Tsai et al. (2008) used 7 to 9 hours, 459 
Both et al. (2013) used 48 to 72 hours and Chuang et al. (2011) used 360 hours of data. 460 
Similarly, in characterizing BC exposures in buses, Yang et al. (2015a) used 154 hours of 461 
measurements while Pant et al. (2017) used 288 to 576 hours of measurements. These 462 
differences in study designs – in particular how instruments were deployed in the TME and 463 
the amount of data that was collected – has bearing on the overall results of individual 464 
TME studies. This is particularly important when synthesising results from multiple 465 
studies: care must be taken to distinguish differences that are attributable to the TMEs in 466 
question (e.g., walking versus riding in a bus along a busy street during morning rush hour 467 
in a city) from those that are attributable to methodological differences in data collection 468 
strategies (e.g., instruments that were used, or the duration of the “rush hour” period or the 469 
definition of “busy” in terms of vehicles per hour differed between studies). 470 
7.  Exposure modelling 471 
Exposure is a function of the frequency, intensity, and duration of contact of a 472 
pollutant with the body (EPA, 1992). For air pollution, exposure is typically quantified as 473 
the time-weighted concentration experienced by a person moving between 474 
microenvironments over the course of a day. Thus, exposure models typically aim to 475 
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estimate the time-averaged concentration for each exposed individual based on the 476 
variation in pollutant concentration over time and space, and the time-activity pattern of 477 
each individual (Ott, 1995).  Quantification of human exposure to air pollutants is a 478 
relatively new field as currently practiced (Ott, 1995), although it traces its origins to 479 
related fields such as industrial hygiene, radiation protection, and environmental toxicology 480 
(NRC, 2012). Much of the history of quantitative exposure assessment can be traced to 481 
work done outside of Asia. However, the concepts and methods are applicable in the Asian 482 
context. Furthermore, the concepts embodied in exposure models can be a key motivating 483 
factor when designing field measurement studies to collect data on micro-environmental 484 
concentrations. 485 
In the last two decades, increased availability of population-based data regarding activity 486 
diaries has been a key factor in enabling the development of a new generation of exposure 487 
models that simulate inter-individual variability in exposure. For example, the U.S. EPA 488 
developed and has periodically updated the Consolidated Human Activity Database 489 
(CHAD) since 2000 (EPA, 2014; Graham and McCurdy, 2004; McCurdy et al., 2000). 490 
CHAD is comprised of diaries compiled from multiple studies in which human subjects 491 
recorded the amount of time spent in microenvironments on a daily basis. As new 492 
technologies have emerged, such as the ubiquitous use of cell phones, there are growing 493 
opportunities to develop longitudinal activity databases that can enable more accurate 494 
quantification of individual long-term time-location patterns (Breen et al., 2014; NRC, 495 
2012).   496 
Concurrently, data have been developed over the years regarding the relationship between 497 
ambient air quality and pollutant concentrations in enclosed microenvironments, such as 498 
homes, offices, schools, vehicles, and others. These relationships are typically represented 499 
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based on mass balance or statistical models. Mass balance models are typically based on 500 
quantifying infiltration taking into account air exchange rate, penetration factor, and 501 
deposition rates. Statistical methods are typically based on estimating the ratio of indoor-to-502 
outdoor concentrations as a single parameter or as part of a linear regression model in 503 
which the intercept term accounts for non-ambient pollution of indoor origin (EPA, 2017). 504 
Other key data that enable the development of exposure simulation models include spatially 505 
and temporally resolved ambient monitoring data or predictions of air quality models such 506 
as the Community Multiscale Air Quality (CMAQ) modeling system, population 507 
demographic data at high spatial resolution such as from census data, and data on 508 
distributions of other exposure factors such as housing type and age (Baxter et al., 2013a; 509 
Burke et al., 2001; EPA, 2017). Much of this work has developed in the U.S. context but 510 
the concepts are transferable to other countries. For example, measured ambient and in-511 
vehicle concentrations in multiple transport microenvironments in Hong Kong were used to 512 
quantify the ratio of in-vehicle to ambient concentrations (Che et al., 2016). 513 
A variety of exposure models have emerged in the last several decades that are intended to 514 
predict inter-individual variability in exposure concentrations taking into account the time 515 
that each individual spends among microenvironments over the course of a day, ambient air 516 
quality, infiltration of ambient air to enclosed microenvironments, characteristics of 517 
enclosed microenvironments such as air exchange rates, and population demographics. For 518 
example, the U.S. Environmental Protection Agency has developed two stochastic 519 
population-based models:  the Stochastic Human Exposure and Dose Simulation (SHEDS) 520 
model; and the Air Pollution EXposure model (APEX) (Burke et al., 2001; EPA, 2017). 521 
APEX is a successor to the probabilistic NAAQS Exposure Model for carbon monoxide 522 
(pNEM/CO) that was one of the first probabilistic exposure models (Law et al., 1997b). A 523 
key feature of models such as SHEDS and APEX is that they use probabilistic simulation to 524 
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“select” a synthetic “individual” from a census database, to find a suitably matched time-525 
location diary, and to estimate the micro-environmental concentrations for the 526 
microenvironments in which the simulated individual spends time. The simulation is 527 
related to a user-specified number of synthetic individuals. The simulated frequency 528 
distributions of exposure to the synthetic individuals have characteristics similar to an 529 
actual population in terms of demographics, activity, and exposures.  Simulation results can 530 
be used to assess exposures over time and for a specified geographic domain based on 531 
population means, high-end exposures (e.g., 90th percentile or higher), spatial hotspots for 532 
exposure, and so on. APEX has been used to quantify inter-individual variability in 533 
exposure to carbon monoxide, nitrogen dioxide, sulfur dioxide, and ozone as part of the 534 
scientific review process for the U.S. National Ambient Air Quality Standards (EPA, 2008, 535 
2009b, 2010, 2014). These assessments are often used to determine the proportion of 536 
individuals who have exposures greater than a health-based exposure benchmark 537 
concentration. APEX has also been considered for use in the scientific review of the PM 538 
NAAQS (EPA, 2009a), and has been previously applied to quantify source-to-dose 539 
assessment of exposure to PM (Georgopoulos et al., 2005). Predicted exposures using 540 
SHEDS, such as for particulate matter, have been found to be statistically associated with 541 
adverse outcomes and potentially can reduce exposure errors in epidemiologic studies 542 
(Jones et al., 2013; Mannshardt et al., 2013; Özkaynak et al., 2013). The latter are typically 543 
based on using fixed-site monitor ambient concentration, rather than individual exposure. 544 
Table 4 lists a variety of exposure models, including SHEDS, APEX, and others, that have 545 
been developed and applied over the years to assess air pollutant exposures. Models such as 546 
SHEDS and APEX have also been used to assess the contribution of transportation 547 
microenvironments to daily exposures (Liu and Frey, 2011). 548 
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Accurate quantification of exposure factors is critical to developing stronger associations 549 
between exposure and metrics of adverse effects in epidemiologic studies, particularly for 550 
exposure factors that may differ between communities. For example, mean in-vehicle 551 
commuting distance and time were significant effect modifiers for respiratory and non-552 
accident mortality (Baxter et al., 2013b). The effect was negative, implying that longer 553 
commutes are associated with lower adverse outcomes. This counter-intuitive finding might 554 
be because persons with longer commutes spend more time in suburban areas with better 555 
air quality than a central business district because in-cabin exposure concentrations can be 556 
much lower than on-road concentrations, or combinations of these. Differences in 557 
population demographics may also be important. A recent exposure modeling study for 558 
PM2.5 in New Delhi focused on population mobility and transport-related exposures using a 559 
probabilistic framework that included a land use regression component and a zonal model 560 
to simulate home and work locations and commuting between them (Saraswat et al., 2016). 561 
8.   Regulatory implications 562 
There are no specific regulations to control air quality within TMEs. Given that the 563 
ambient concentrations are affected by road transport emissions that penetrate into TMEs, it 564 
is important to bring relevant legislation and incentives to control emissions for human 565 
health protection (Colvile et al., 2001). 566 
Various regulatory bodies have established regulatory values for ambient PM2.5 567 
concentrations (Table S1) but the parallel values for the BC and UFP are currently non-568 
existent (Kumar et al., 2010; Kumar et al., 2016). For example, the United States 569 
Environmental Protection Agency (US EPA) issued the first PM2.5 standards of 15 µg m-3 570 
(annual mean) and 65 µg m-3 (24-hour mean) in 1997 based on the results of numerous 571 
health studies  (USEPA, 2012). These standard values were renewed in 2006 with a 35 µg 572 
m
-3
 24-hour mean standard, and also with tightening of the annual mean standard from 15 573 
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µg m-3 to 12 µg m-3 in 2012. In the European Union (EU), PM2.5 standards were first 574 
promulgated in 2008 as 25 µg m-3 (annual mean) (AQEG, 2012) as opposed to 575 
corresponding values of 10 µg m-3 by World Health Organization (WHO) guidelines 576 
(WHO, 2006), as seen in Figure 7. While the WHO provides 24-hour mean as 25 µg m-3, 577 
the EU does not have the corresponding values. 578 
Many Asian countries have air quality standards; however, these are often directly adopted 579 
from US EPA, WHO or EU regulations or adjusted according to local conditions such as 580 
the traffic fleet, fleet types, geography or meteorology (Table S5). Nonetheless, there are 581 
still a number of developing countries in Asia (e.g. Afghanistan, Bhutan) where such 582 
regulations are unavailable (CAI-Asia, 2010). A number of Asian countries such as 583 
Thailand, India, Hong Kong, and Vietnam have national ambient air quality standards 584 
(NAAQS) in place; however, in most cases, these standards are usually for PM10, but a few 585 
countries also regulate PM2.5. As expected, ambient air quality regulations for UFP and BC 586 
do not exist despite toxicological evidence showing adverse health impacts on human 587 
health, more than PM2.5 or PM10. 588 
It is interesting to note the differences in PM2.5 regulations between Asian countries and 589 
those in Europe or the USA. The allowable ambient PM2.5 concentration limits are usually 590 
up to 3 times higher in Asian countries. The relatively relaxed standards in Asian cities 591 
likely significantly contribute to higher exposures in Asian TMEs. The air quality 592 
regulations are meant to control ambient pollutant concentrations; these do not actually 593 
represent the human exposure that varies substantially between different TMEs, as 594 
discussed in Section 5. While there is a substantial drive to measure the personal exposure 595 
of individuals within urban environments, there seem to be no plans worldwide to develop 596 
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TME-specific regulations or compliance, at least in public transport systems such as buses 597 
and taxis. 598 
9.   Summary, conclusions and future work  599 
We reviewed exposures and concentrations of PM2.5, UFP and BC in Asian TME 600 
environments and compared them against those in European, North American, and cities 601 
elsewhere. Some PM2.5 exposure studies in Asian TMEs were found but similar studies for 602 
UFP and BC were rare. Asian studies of exposures of pedestrians, three-wheelers and 603 
motorcycles to PM were limited, and studies of cyclist exposures were even rarer. These 604 
observations clearly highlight the need for additional studies in Asian TMEs, especially for 605 
UFP and BC during walking and cycling. Because Asia is the largest continent, with ~60% 606 
of the total world population of whom nearly half live in urban areas (World Population, 607 
2017), and because exposures to air pollutants in TMEs in Asian cities are generally much 608 
higher than elsewhere in the world, personal exposure data in TMEs of Asian cities are 609 
needed to develop exposure mitigation strategies. 610 
The following conclusions are drawn: 611 
• In general, concentrations of PM2.5, BC, and UFP were higher by up to about 5, 7 and 612 
9-times, respectively, in Asian TMEs (walk, cycle, car, and bus) than the 613 
corresponding TMEs in urope or USA. In Asian cities, concentrations of PM2.5 in 614 
open-air vehicles (motorcycles and auto-rickshaws) were 1.8 to 3.3 times higher than 615 
in walk, cycle, car, or bus TMEs. 616 
• The instruments used in the Asian TME studies were generally the same as those used 617 
in European TMEs and elsewhere. There was good uniformity among the studies in 618 
how the instruments were used to characterise individual TMEs. Nonetheless, the 619 
amount of data that was collected varied considerably between studies; therefore, care 620 
must be taken in comparing and contrasting the results of different studies. 621 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
27 
 
• Stochastic population-based exposure models have not been widely used in Asia but 622 
are well demonstrated in the USA, including extensive applications to a scientific 623 
review of ambient air quality standards. Such models, calibrated with adequate data 624 
regarding population demographics, time-location diaries, spatial and temporal 625 
variability in ambient concentration, and infiltration of ambient pollution to enclosed 626 
environments including vehicle cabins, can aid in identifying and prioritizing key 627 
sources of exposure and in assessing exposures that exceed health-related benchmarks. 628 
These models require probabilistic data on factors affecting exposure (e.g., infiltration 629 
factors). 630 
• The regulations for ambient PM2.5 are non-existent for some Asian countries while 631 
many countries adopt US EPA, WHO or EU regulations as a basis to set their own 632 
standards. Both annual and 24-hour mean ambient air quality standard values are 633 
usually higher, by up to three times, in Asian countries compared to WHO guidelines. 634 
The consistently high concentrations observed in Asian TMEs could be seen as a 635 
reflection of these relaxed standards. The regulations for ambient UFP and BC are non-636 
existent in Asian countries, which is also the case for European Union and elsewhere. 637 
Since personal exposure in TMEs is very different compared to those measured in 638 
ambient urban environments, this also leaves a question whether TME-specific 639 
regulations, especially for public transports, are needed or whether they should be the 640 
same as ambient regulations and enforced in amended form. 641 
Our review highlighted several research gaps. For example, the limited research available 642 
for Asian TMEs usually focuses on urban areas. About half of the population of developing 643 
countries resides in rural environments (World Population, 2017), which are not always 644 
cleaner than urban areas because of factors such as the use of inferior quality fuels, biomass 645 
and crop residue burning, and cooking using biofuels (e.g., wood and cow-dung) (Kumar et 646 
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al., 2013a; Kumar et al., 2015). Thus, exposure assessment studies encompassing rural to 647 
semi-rural to urban environments will help in establishing exposure profiles in diverse 648 
Asian environments. Future work should also consider the seasonal and climate differences 649 
between Asian versus European cities as well as a relative wealth of Asian cities and 650 
neighbourhoods therein. The differences in exposure between well-regulated versus poorly-651 
regulated countries or areas and the specific regions that are missing (poorly represented) 652 
should be explored by future studies. 653 
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List of Figure Captions 1284 
Figure 1. Concentrations of (a) average PM2.5, (b) PNC and (c) BC concentrations while 1285 
walking along busy roadways in Asian cities (red) compared with those in Europe (green) 1286 
and the USA (blue). The average values and standard deviations represent the summary of 1287 
studies presented in Figures S1 (PM2.5), S2 (PNC) and S3 (BC). 1288 
Figure 2. Average PM2.5 concentrations while cycling along busy roadways in Asian cities 1289 
(red) compared with those in Europe (green) and the USA (blue). Error bars represent the 1290 
standard deviation of the mean values of studies shown in Table S1. 1291 
Figure 3. Average PM2.5 concentrations during car journeys in Asian cities (red) compared 1292 
with those in Europe (green) and the USA (blue). Details of studies are available in Table 1293 
S1. 1294 
Figure 4. Average UFP concentrations during car journeys in Asian cities (red) compared 1295 
with those in Europe (green) and the USA (blue).  Details of studies are available in Table 1296 
S2. 1297 
Figure 5. Average PM2.5 concentrations during bus journeys in Asian cities (red) compared 1298 
with those in Europe (green) and the USA (blue). Details of studies are available in Table 1299 
S1. 1300 
Figure 6. Average UFP concentrations during bus journeys in Asian cities (red) compared 1301 
with those in Europe (green) and the USA (blue).  Details of studies are available in Table 1302 
S2. 1303 
Figure 7. Ambient regulations of PM2.5 concentrations in some of the Asian countries, 1304 
Europe and USA. 1305 
1306 
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List of Tables 1307 
Table 1. Summary of relevant review articles considering pollutant exposure in TMEs. 1308 
Authors (year) Pollutants Remarks  
Han and Naeher (2006) PM, CO, NO2, 
VOCs, and 
PAHs 
Air pollution exposure assessment in the 
developing world related to traffic and air 
pollution monitoring methods.  
Kaur et al. (2007) PM2.5, UFP, 
and CO 
Personal exposure in TMEs (walk, cycle, 
bus, car, van, and taxi) and comparison 
between actual personal exposure 
measurement and fixed monitoring stations 
(FMS) for representing community exposure 
to pollutants.  
Knibbs et al. (2011) UFP UFP exposure concentrations in transport 
modes (automobile, bus, cycle, ferry, rail, 
and walk) and correlation with other 
pollutants.  
Karanasiou et al. 
(2014) 
PM and BC Personal exposure in European TMEs 
(cycle, car, bus, and train).  
Goel and Kumar 
(2014) 
UFP Important aspects of concentrations at traffic 
intersections. 
de Nazelle et al. (2017) UFP, BC, 
PM2.5 and CO 
Exposures of active versus passive travel 
mode users in European environment 
This study PM2.5, BC and 
UFP 
Exposure assessment and methods of 
measurements in Asian versus developed 
countries 
 1309 
1310 
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Table 2. Summary of exposure concentrations experienced in various TME studies; n, SD 1311 
and “‒” refer to the total number of studies considered, standard deviation and no values 1312 
available due to limited studies, respectively. Overall mean represents the average 1313 
concentrations of all individual studies in a given category. The mean values for PM2.5, 1314 
UFP and BC are the average concentrations of all studies (n) in a particular TME and the 1315 
SD is standard deviation of all average values of individual studies.  1316 
 PM2.5 (µg m-3) 
Mean±SD (n)a 
UFP (×104 # cm-3) 
Mean±SD (n)b 
BC (µg m-3) 
Mean±SD (n)c 
Walk 
Asia 42±31 (5) 6.65±2.89 (7) 23±11 (4) 
Europe 26±18 (11) 4.81±2.61 (13) 6±2 (5) 
USA 35±13 (10) 3.78±2.01 (3) 3±2 (4) 
Overall mean 32±19 (26) 5.29±2.74 (23) 10±11 (13) 
Ratio (Asia to Overall 
mean) 
1.3 1.3 2.3 
Cycle 
Asia 49±27 (1) - - 
Europe 43±27 (7) 3.37±2.21 (12) 6±3 (3) 
USA 11±5 (1) 3.50±3.77 (1) 3±1 (1) 
Overall mean 40±28 (9) 3.38± 2.12 (13) 6±3 (4) 
Ratio (Asia to Overall 
mean) 
1.2 - - 
Car 
Asia 74±61 (7) 45.7±28.1 (3) 43±12 (1) 
Europe 32±30 (15) 6.76±7.89 (17) 14±7 (3) 
USA 46±36 (4) 5.29±4.29 (12) 7±3 (1) 
Overall average 40±28 (26) 9.86± 15.1 (32) 18±15 (5) 
Ratio (Asia to Overall 
mean) 
1.9 4.6 2.4 
Bus 
Asia 76±62 (5) 3.45±1.34 (2) 10±2 (2) 
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Europe 47±37 (7) 5.15±3.54 (8) 7±1 (4) 
USA 59±59 (2) 5.05±1.93 (11) 3±2 (1) 
Overall mean 59±48 (14) 5.10±2.59 (21) 7±3 (7) 
Ratio (Asia to Overall 
mean) 
1.3 0.67 1.4 
Auto-rickshawd 
Asia 139±86 (2)e 29.0±7.70 (1)f 47±6 (2)e 
Motorcycle    
Asia 86.3±55.7 (3)g - 10.4±11.2 (2)h 
Europe - 7.3±5.0 (1)i - 
a, b, c These are mean values taken from the studies shown in Tables S1 (PM2.5), S2 (UFP) and S3 1317 
(BC), respectively. dNo studies available for Europe and USA. eAverage of Apte et al. (2011) and 1318 
Pant et al. (2017); fApte et al. (2011); gAverage of Morales Betancourt et al. (2017), Pant et al. 1319 
(2017) and Ramos et al. (2017; hAverage of Pant et al. (2017) and Jeong and Park (2017; iGrana et 1320 
al. (2017). 1321 
1322 
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Table 3. Instruments used for measurement of PM2.5, UFP, and BC in transport 1323 
microenvironment studies in Asian cities. 1324 
Instrument1 / 
Characteristics2 
Study  Study 
location 
TME3 Location of 
monitor4 
 
PM2.5 Monitors5 
GRIMM, model 1.108 
• Measurement frequency: 
1-6 seconds 
• Particle size range: 0.23-
20 µm  
• Concentration range: 0.1-
100,000 µg/m3 
• Battery life: 6-8 hrs 
(internal battery) 
• Size: 24×13×7 cm 
• Weight: 2.4 kg 
Measurement principle: 
light scattering 
Tsai et al. (2008) Taipei 
(Taiwan) 
PC (~7-9 h), 
B (~10-13 
h) 
Carried by data 
collector 
Chuang et al. 
(2013) 
Taipei 
(Taiwan) 
PC (360 h) Mounted inside 
PC 
TSI DustTrak, model 8520 
(Discontinued) 
• Concentration range: 1-
1.0×105 µg/m3 
• Battery life: 16 hours 
(internal battery) 
• Size: 22×15×8.7 cm 
• Weight: 1.5 kg (inc. 
battery) 
• Measurement principle: 
light scattering 
Chan et al. 
(2002a) 
Hong Kong 
(China) 
B (5-17 h) Mounted inside 
B 
Both et al. (2013) Jakarta 
(Indonesia) 
W (12-18 
h), PC (48-
72 hr) 
Carried by the 
data collector 
Chan et al. 
(2002b) 
Guangzhou 
(China) 
B (16-18 h) Mounted inside 
B 
Apte et al. (2011) New Delhi 
(India) 
AR (180 h) Mounted inside 
AR; stationary 
site 
TSI OPS, model 3330 
• Measurement frequency: 
≤1second 
• Concentration range: 
0.001–2.75×105 µg/m3 
• Battery life: <10 hours 
(internal battery) 
• Size: 14×22×22 cm 
• Weight: 2.1 kg (inc. 
battery) 
• Measurement principle: 
light scattering 
Yang et al. 
(2015a) 
Hong Kong 
(China) 
W (1.9-28 
h)*, B (154 
h) 
Inside suitcase 
carried by 
walking data 
collector; inside 
backpack worn 
by data collector 
on buses 
Thermo pDR 1200 
• Measurement frequency: 1 
second–4 hours 
• Particle size range: 0.1–10 
µm 
• Concentration range: 1–
4.0×105 µg/m3 
• Battery life: 20 hours 
(alkaline), 40 hours 
(lithium) (internal battery) 
Onat and 
Stakeeva (2013) 
Istanbul 
(Turkey) 
W (3.5-5 h), 
PC (4.4-6.3 
h), B (3-6 h) 
Carried by 
walking data 
collector; 
mounted inside 
PC and B 
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• Size: 16×20×6.0 cm 
• Weight: 0.68 kg 
Thermo pDR 1500 
• Measurement frequency: 1 
second–1 hour 
• Particle size range: 0.1–10 
µm 
• Concentration range: 1–
4.0×105 µg/m3 
• Size: 18.1×14.3×8.4 cm 
• Weight: 1.2 kg 
Pant et al. (2017) New Delhi 
(India) 
B (288-576 
h), AR 
(288-576 h), 
Inside backpack; 
was worn by data 
collectors 
Lighthouse Worldwide 
Solutions OPC Handheld, 
model 3016 
• Internal battery 
• Size: 22×13×6.4 cm 
• Weight: 1 kg 
• Measurement method: 
laser particle counter 
Onat and 
Stakeeva (2013) 
Istanbul 
(Turkey) 
W (3.5-5 h), 
PC (4.4-6.3 
h), B (3-6 h) 
Carried by 
walking data 
collector; 
mounted inside 
PC and B 
Gravimetric filtration and 
personal sampling pumps6 
 
Saksena et al. 
(2007) 
New Delhi 
(India) 
PC (0.5-2.2 
h), AR (1.3-
2.2 h) 
Mounted inside 
PC, AR 
UFP Monitors 
TSI CPC, model 3007 
• Measurement frequency: 
1–300 seconds 
• Size range: 0.01 – >1.0 
µm 
• Max concentration: 106 
particles/cm3 
• Battery life: 5 hours at 
21°C (internal battery) 
• Size: 29×14×14 cm 
• Weight: 1.7 kg 
• Measurement method: 
light scattering 
Yang et al. 
(2015a) 
Hong Kong 
(China) 
W (1.9-28 
h)*, B (154 
h) 
Inside suitcase 
carried by 
walking data 
collector; inside 
backpack worn 
by data collector 
on buses 
Rakowska et al. 
(2014) 
Hong Kong 
(China) 
W (4 h) Inside a suitcase 
carried by the 
data collector 
Both et al. (2013) Jakarta 
(Indonesia) 
W (12-18 
h), PC (48-
72 h) 
Hand carried by 
the data collector 
TSI CPC, model 3785 
(Discontinued) 
• Measurement frequency: 
1–3,600 seconds 
• Size range: 0.005 – >3 µm 
• Max concentration: 3x104 
particles/cm3 (single 
particle counting), 104–107 
particles/cm3 (photometric 
counting) 
• Size: 31×16×28 cm 
• Weight: 5.5 kg 
• Measurement method: 
light scattering 
Tsang et al. 
(2008) 
Hong Kong 
(China) 
W (4 h) Stationary site 
Kaminsky et al. 
(2009) 
Hong Kong 
(China) 
PC (3 h) Mounted inside 
PC 
BC Monitors 
AethLabs Micro-
aethalometer, model AE51 
• Measurement frequency: 
Yang et al. 
(2015a) 
Hong Kong 
(China) 
W (1.9-28 
h)*, B (154 
h) 
Inside suitcase 
carried by 
walking data 
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1-300 seconds 
• Measurement range: 0–
1,000 µg/m3 
• Battery life: 24 hours 
(depending on 
concentration) (internal 
battery) 
• Size: 18×6.6×3.8 cm 
• Weight: 0.28 kg 
• Measurement method: 
light absorption 
collector; inside 
backpack worn 
by data collector 
on buses 
Apte et al. (2011) New Delhi 
(India) 
AR (180 h) Mounted inside 
AR; stationary 
site 
Rakowska et al. 
(2014) 
Hong Kong 
(China) 
W (4 h) Inside a suitcase 
carried by 
walking data 
collector 
Pant et al. (2017) New Delhi 
(India) 
B (288-576 
h), AR 
(288-576 h) 
Inside backpack; 
was worn by data 
collectors 
Notes 1325 
1. Manufacturer and model number. Instruments/articles were only included if sufficient 1326 
information was provided about the instrument to find a website for it on the internet. 1327 
2. Instrument characteristics were taken from manufacturer’s websites. Information included 1328 
measurement range, particle size, measurement frequency, measurement principle, accuracy and 1329 
precision. Note that some specifications were not reported by the manufacturers for many 1330 
instruments (e.g., accuracy and precision). All manufacturer websites were accessed in June and 1331 
July 2017. 1332 
3. CY = cycling, W = walking, PC = passenger car, B = bus, AR = auto rickshaw; (total number of 1333 
hours monitored in each TME). 1334 
4. Location of the monitor during data collection. 1335 
5. Huang et al. (2012) measured PM2.5 in B and CY TMEs using a portable aerosol spectrometer 1336 
(model LD-6S, Beijing Green Technology Digital Co., China). Specifications for the monitor 1337 
could not be found. The instrument was worn by data collectors on buses (18-30 hr) and by 1338 
cyclists (24-25 hr). 1339 
6. Measured mass concentration of particles <5 µm in diameter (d50). 1340 
* Estimated by multiplying the time a data collector spent waiting for a bus or MTR by the 1341 
number of successful monitoring trips over the study. 1342 
1343 
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Table 4. Description of selected air pollution exposure models (de Bruin et al., 2004; 1344 
Jensen et al., 2001; Johnson et al., 1999; Klepeis, 2006; Kruize et al., 2003; Law et al., 1345 
1997a; Ott et al., 1988; WHO, 2005a). 1346 
Model  Description 
SHAPE  • Simulation of Human Activity Patterns and Exposure  
• Detail time-activity model (stay duration in each TME) 
• Can generate a large variety of possible time-activity patterns 
• Can assess the changes in the population time-activity in long 
run, or after particular changes in air quality and social 
behavior. 
APEX  • Air Pollutants Exposure Model 
• Can be applied at local, urban, consolidated metropolitan 
• Simulates personal movement (time, space, and exposure of 
pollutants in different MEs) 
HAPEM-MS  • Hazardous Air Pollutant Exposure Model for Mobile Sources 
• Can assess exposure from highway mobile sources 
• Can predict inhalation exposure concentrations of air pollutants 
from outdoor sources, based on ambient concentrations 
• Can assess risk of screening-level inhalation  
• Data in ambient air concentration, indoor/outdoor concentration 
relationship, population, and population activity pattern by 
calculating routines series 
• Population activity pattern data is for estimating an expected 
range of “apparent” inhalation exposure concentration of a 
group or an individual. 
SHEDS  • Stochastic Human Exposure and Dose Simulation Model 
• Based on stochastic model 
• Can quantify exposure and dose of human inhalations, 
multimedia, multi pathway pollutants. 
• Consider combination of physical/mechanistic algorithms to 
estimate exposure 
• Focus on simulation exposures to PM and air toxics, and 
aggregate exposures. 
RISK • Descendant of EXPOSURE and INDOOR models. 
• Simulates multi-zone indoor air concentrations, individual 
exposure, and risk 
MCCEM • Multi Chamber Chemical Exposure Model 
• Can estimate average and peak indoor air concentrations of 
chemicals released from products or materials in houses, 
apartments, townhouses, or other residences 
• Can estimate inhalation exposures to above-noted chemicals as 
single day dose, chronic average daily dose or lifetime average 
daily dose 
pNEM/CO • Probabilistic Exposure Model (pNEM) models 
• Can estimate frequency distributions of population exposure to 
carbon monoxide (CO) and the resulting carboxyhemoglobin 
(COHb) levels 
CONTAM • Multi zone indoor air quality and ventilation analysis model to 
determine air flows, contaminant concentrations, and personal 
exposure 
• Can predict personal exposure of occupants to airborne 
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contaminants for eventual risk assessment 
EXPOLIS • European Population Particle Exposure Model  
• Can evaluate mean air pollution exposures in different 
scenarios, population groups, and locations and to understand 
the factors affecting exposure levels  
AirGIS  • Geographic Information System (GIS) based modelling system 
to estimate traffic-related air pollution for human exposure.  
• The National Environmental Research Institute in Denmark’s 
model that enables mapping of emission and air pollution 
exposure.  
 1347 
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Figure 7. PM2.5 standards.
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Research highlights  
• PM, UFP and BC exposures are assessed for Asian transport microenvironments. 
• Rare data on cyclist and motorcyclist exposure despite substantial use in Asian cities. 
• Cyclists were relatively the least exposed while bus users showing highest exposure. 
• Car users in Asia receive up to 9-times higher exposure to UFP to Europe and USA. 
• Need more studies in diverse meteorological and traffic microenvironments in Asia. 
 
